Abstract. Benthic Archaea comprise a significant part of the total prokaryotic biomass in marine sediments. Recent 9 genomic surveys suggest they are largely involved in anaerobic processing of organic matter but the distribution and 10 abundance of these archaeal groups is still largely unknown. Archaeal membrane lipids composed of isoprenoid 11 diethers or tetraethers (glycerol dibiphytanyl glycerol tetraether, GDGT) are often used as archaeal biomarkers. Here,
INTRODUCTION
PCR reactions were performed with the universal, Bacteria and Archaea, primers S-D-Arch-0159-a-S-15 and S-D-Bact-122 785-a-A-21 (Klindworth et al., 2013) as previously described in Moore et al. (2015) . The archaeal 16S rRNA gene 123 amplicon sequences were analyzed by QIIME v1.9 (Caporaso et al., 2010) . Raw sequences were demultiplexed and 124 then quality-filtered with a minimum quality score of 25, length between 250350, and allowing maximum two errors 125 in the barcode sequence. Taxonomy was assigned based on blast and the SILVA database version 123 (Altschul et al., 126 1990; Quast et al., 2013) . Representative operational taxonomic units (OTUs, clusters of reads with 97% similarity) of 127 archaeal groups were extracted through filter_taxa_from_otu_table.py and filter_fasta.py with QIIME (Caporaso et al., 128 2010) . The phylogenetic affiliation of the partial archaeal 16S rRNA gene sequences was compared to release 123 of 129 the Silva NR SSU Ref database (http://www.arb-silva.de/; Quast et al., 2013) using the ARB software package (Ludwig 130 et al., 2004) . Sequences were added to the reference tree supplied by the Silva database using the ARB Parsimony tool.
131
MCG intragroup phylogeny for representative sequences of OTUs affiliated to the MCG lineage was carried out in 132 ARB (Ludwig et al., 2004) . Sequences were added by parsimony to a previously-built phylogenetic tree composed of 133 reference sequences of the 17 MCG subgroups known so far (Kubo et al., 2012) . Affiliation of any 16S rRNA gene 134 sequences to a given subgroup was done assuming a similarity cutoff of ≥85%.
135
Cloning, sequencing and phylogeny of the archaeal amoA gene
136
Amplification of the archaeal amoA gene was performed as described by Yakimov et al., (2011) . PCR reaction mixture 
144
Obtained archaeal amoA protein sequences were aligned with already annotated amoA sequences by using the Muscle 145 application (Edgar, 2004) . Phylogenetic trees were constructed with the Neighbor-Joining method (Saitou and Nei, 146 1987 ) and evolutionary distances computed using the Poisson correction method with a bootstrap test of 1,000
147
replicates.
148

RESULTS
149
In this study, we analyzed both IPLs and DNA/RNA extracts from sediments previously collected along the Arabian
150
Sea Murray Ridge within the OMZ (885 mbsl), just below the lower interface (1306 mbsl), and well below the OMZ
151
(2470 and 3003 mbsl). The surface sediment (0-0.5 cm) at 885 mbsl was fully anoxic, however, the surface sediments below the OMZ were partly oxygenated (1306 mbsl), and fully oxygenated at 2470 and 3003 mbsl (Table 1) . The 153 subsurface sediments (10-12 cm) were fully anoxic at all stations (Table 1) . For more details on the physicochemical 154 conditions in these sediments see Table 1 .
155
Archaeal IPL-GDGTs in the surface and subsurface sediments
156
A range of IPL-GDGTs (GDGT-0 to 4 and crenarchaeol) with the IPL-types monohexose (MH), dihexose (DH) and 157 hexose-phosphohexose (HPH) was detected in surface and subsurface sediments across the Arabian Sea OMZ (Table   158 2). For the DH GDGT-0 two structural isomers (type-I with two hexose moieties at both ends of the CL, and type-II 159 with one dihexose moiety; Table 2 ) were detected and identified based on their mass spectral characteristics (Fig. S2 ).
160
In addition, GDGT-0 with both an ether-bound cyclopentanetetraol moiety and a hexose moiety as head groups was 161 identified ( Fig. S2 ) in some sediments (Table 2 ). This IPL was previously reported as a glycerol dibiphytanyl nonitol 162 tetraether (GDNT; de Rosa et al. 1983 ) but was later shown to contain a 2-hydroxymethyl-1-(2,3-163 dihydroxypropoxy)2,3,4,5-cyclopentanetetraol moiety by Sugai et al., (1995) on the basis of NMR spectroscopy 164 characterization.
165
In the surface sediment at 885 mbsl, crenarchaeol IPLs were dominant (44.6% of all detected IPL-GDGTs), occurring
166
predominantly with DH as IPL-type (with a hexose head group on both ends; 43.1%; Table 2 ). IPL-GDGT-2 was the 167 second most abundant (29.6%), also mainly consisting of the IPL-type DH (29.5%; Table 2 ). IPL-GDGT-0, -1, -3 and -
168
4 were occurring with relative abundances of 0.3%, 1.7%, 17.8% and 6.1%, respectively (Table 2) . Overall, the 169 majority (98.1%; Table 3 ) of IPL-GDGTs in surface sediment at 885 mbsl with IPL-type DH (all with a hexose 170 molecule on both ends of the CL).
171
The surface sediment at 1306 mbsl contained mostly IPL-GDGT-0 (37.6%), almost entirely with the IPL-type HPH
172
(36.6%; (cf. Fig. 1a) . Overall, the IPL-type DH was the predominant one detected in subsurface sediment with a relative 186 abundance ranging from 68.8% at 3003 mbsl to 90.1% at 1306 mbsl (Table 3) . In contrast to all other sediments, in the 187 subsurface sediments at 885 mbsl and 1306 mbsl, two different isomers (Fig. S2 ) of the DH-GDGT-0 were detected 188 ( Fig. 1b ; Castelle et al., 2015) . Marine Benthic Group (MBG) -B, -D and -E were also present with 12.2%,
202
7.7% and 6.9% of the archaeal 16S rRNA gene reads, respectively (Fig. 1b) . Sequences affiliated to the Marine
203
Hydrothermal Vent Group (MHVG, 8.1%) of the phylum Euryarchaeota were also detected (Fig. 1b) . Other groups,
204
with lower relative abundances, were Thermoplasmatales groups ANT06-05 (5.7%) and F2apm1A36 (3.3%) and the
205
DPANN Aenigmarchaeota (previously named Deep Sea Euryarchaeotic Group, DSEG; 1.6%; Fig. 1b) .
206
Below the OMZ, in partly and fully oxygenated surface sediments at 1306, 2470 and 3003 mbsl (Table 1) , the most 207 dominant archaeal group was Thaumarchaeota MG-I with relative abundances of 81.5%, 89.7% and 100%, respectively
208
( Fig. 1b) . At 1306 mbsl other archaeal groups, such as MHVG (5.6%), Thermoplasmatales ASC21 (3.2%), DHVEG-6
209
(2.9%), MBG-B (2.4%) and MCG (1.3%) made up the rest of the archaeal community (Fig. 1b) . At 2470 mbsl 210 DHVEG-6 (1.1%) was still detectable besides the MG-I (Fig. 1b) .
211
In the subsurface sediments (1012 cm), only the DNA extracted from the sediments at 885 and 1306 mbsl gave a amount of reads were classified as Thaumarchaeota MG-I (0.5% at 1306 mbsl) (Fig. 1b) .
219
Considering the high relative abundance of the MCG detected in the surface sediment at 885 mbsl, as well as in the 
229
As the Thaumarchaeota MGI was dominant in oxygenated sediments at 1306, 2470 and 3003 mbsl (Fig. 1b) , we further
230
analyzed the diversity of this group by performing a more detailed phylogeny of the recovered 16S rRNA gene reads 231 attributed to this group. Five OTUs dominated the Thaumarchaeota MG1 (Table 5 ); we will refer to them as OTU-1 to -232 5. OTU-1, 2, 3 and 5 were phylogenetically closely related to other known benthic Thaumarchaeota MGI species, such 233 as 'Ca. Nitrosoarchaeum koreensis MY1' or environmental 16S rRNA gene sequences from marine sediments (Fig.3) .
234
On the other hand, OTU-4 clustered with 16S rRNA gene sequences from pelagic Thaumarchaeota MGI species, like
235
Ca. Nitrosopelagicus brevis, and also clustered with 16S rRNA sequences recovered from seawater SPM (Fig. 3 ).
236
OTU-3 was the most abundant OTU in the surface sediment at 1306, 2470, and 3003 mbsl with a relative abundance of 237 44-68% (Table 5) . At 1306 mbsl OTU-4 was the second most abundant (35.1%). This OTU had a much lower relative 238 abundance (1.6% and 0.0%) at 2470 and 3003 mbsl, respectively (Table 5 ). The relative abundance of OTU-2 increased 239 with increasing sampling station depth (Table 5) , OTU-1 and 5 had an abundance <5% in the surface sediments (Table   240 5).
241
The diversity of Thaumarchaeota MG1 was further assessed by amplification, cloning and sequencing of the archaeal respectively; Fig. 5d ). AmoA gene transcripts were not detected in the subsurface sediments (Fig. 5d ).
267
DISCUSSION
268
In this study, we assessed the changes in benthic archaeal diversity and abundance in sediments of the Arabian Sea (Fig. 1 ). This clear difference in the benthic archaeal population in the surface sediments can be 284 attributed to the oxygen availability as Thaumarchaeota are known to require oxygen for their metabolism (i.e.
285
nitrification; Könneke et al., 2005) . In fact, the oxygen penetration depth (OPD) was observed to be 3, 10, and 19 mm 286 in sediments at 1306, 2470, and 3003 mbsl, respectively, while in sediments at 885 mbsl, the OPD was barely 0.1 mm 287 (Table S1 ; Kraal et al., 2012) . The surface (0-5 mm) sediment at 1306 mbsl was not fully oxygenated (OPD of 3 mm),
288
which probably explains the detection in a relatively low abundance (ca. 20%) of the anaerobic archaea that thrive in 289 the anoxic sediment from 885 mbsl. The low OPD at 1306 mbsl also explains the low amoA gene expression in
290
comparison with the deeper surface sediments (Fig. 5b, d ). Overall this indicates the presence of Thaumarchaeota with 291 lower activity at 1306 mbsl (Fig. 5) . Within the Thaumarchaeota MG1 group, we also detected changes in the relative 292 abundance of specific OTUs in the surface sediments at 1306, 2470 and 3003 mbsl (Table 5) . For example, OTU-2
293
becomes progressively more abundant with increasing water depth, suggesting that this OTU is favored at the higher 294 oxygen concentrations found in the surface sediment at 3003 mbsl. OTU-4 was closely affiliated with 'Ca.
295
Nitrosopelagicus brevis', a pelagic MG-I member, which indicates that this DNA is most likely derived from the 296 overlaying water column (Table 5) , and thus should be considered to represent fossil DNA. 
307
There is a discrepancy between the 16S rRNA gene copy numbers and the amoA gene copy numbers within the 308 sediments (Fig. 5) . AmoA gene copies were consistently lower than the 16S rRNA gene copies, even within sediments to be involved in anaerobic OM degradation (e.g. Biddle et al., 2006; Inagaki et al., 2003; Castelle et al., 2015) .
315
Members of the DPANN Woesearchaeota were only present in the surface sediment at 885 mbsl but not in the 316 subsurface anoxic sediments at 885 and 1306 mbsl, suggesting that their presence here is not solely dependent on the 317 absence of oxygen but possibly also of the OM composition and availability in surface and subsurface sediments.
318
Alternatively, the Woesearchaeota 16S rRNA gene signal could also originate from the water column and deposited in 319 the surface sediment at 885 mbsl as fossil DNA as observed for the case of Thaumarchaeota as mentioned above.
320
Archaeal community composition in the anoxic subsurface sediments
321
The archaeal diversity in the subsurface sediment (1012 cm) in both 885 and 1306 mbsl (i.e. dominated by MCG,
322
MBG-B, -D and -E) is similar to that observed in the surface sediment at 885 mbsl. This supports that oxygen 323 availability is an important factor for determining the diversification of archaeal groups (Fig. 1b) . MCG, one of the 324 dominant archaeal groups in these sediments showed substantial differences in the distribution of its subgroups. A high accurate mass/mass spectrometry (see Table S1 ). By applying this method, we unraveled the unknown diversity of IPL-
355
GDGTs in the sediments under study, which allows a more direct comparison with the archaeal diversity detected by 356 gene-based methods.
357
Fully oxygenated surface sediments showed a dominance of GDGT-0 and crenarchaeol mostly with HPH as IPL-type
358
( Table 1) . This is the expected IPL-GDGT signature of Thaumarchaeota as previously observed in pure cultures , 1986; Schouten, et al., 2010) . This hypothesis is strongly 363 supported by (i) the fact that the archaeal community is dominated by Thaumarchaeota (Fig. 1) and (ii) the high 364 abundance of thaumarchaeotal amoA gene copies and gene transcripts detected in oxygenated sediments in our study.
365
On the other hand, in the anoxic surface sediment at 885 mbsl, crenarchaeol was predominantly present with DH as the 366 IPL-type (Table 1) . This was considered to be a fossil signal of Thaumarchaeota deposited from the water column due 367 to a higher preservation potential of glycolipid head groups (as present in DH) as previously suggested (Lengger et al.,
well as the much lower amoA gene abundance and lack of amoA gene expression (Fig. 5b, d ) supports the contention 370 that the crenarchaeol IPLs are fossil.
371
We detected an increase in the ratio IPL-GDGT-0/IPL-crenarchaeol within the oxygenated surface sediments with 372 increasing water depth. This trend may be explained to be due to decreasing bottom water temperatures with increasing 373 water depth, which results in a higher ratio of GDGT-0/crenarchaeol (Schouten et al., 2002) , and would thus point to a were screened for in our study (Table S2 ; Fig. 1b 
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Extracted OTUs from the Arabian Sea sediments assigned as MCG were inserted in the tree. The number of detected 657 reads per OTU per samples are indicated. Per MCG subgroup the relative abundance is given as detected at the different 658 stations and sediments depths, this is also noted in Table 4 . Scale bar represents a 2% sequence dissimilarity. 
661
Environmental sequences of MG-I members are indicated in black with their origin specified. The relative abundances 662 of the various OTUs are listed in Table 4 . Scale bar represents a 2% sequence dissimilarity. b DH isomers were detected as a GDGT with a glycosidically-bound hexose moieity on both ends of the core (I) and 682 with one glycosidically-bound dihexose moiety on one end (II).
683
c HCP is an IPL-type with an ether-bound cyclopentanetetraol moiety on one end and an hexose moiety on the other 684 (previously reported as GDNT; e.g. De Rosa and Gambacorta, 1988; Sturt et al., 2004) . 
